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the	spatial	variation	of	crystallographic	 texture	 in	objects	of	 the	cultural	heritage.	Previous	
studies	on	the	crystallographic	texture	at	the	centre	of	three	Napoleonic	war	era	copper	bolts,	
which	 demonstrated	 the	 value	 of	 this	 technique	 in	 differentiating	 between	 the	 different	
production	processes	of	the	different	types	of	bolts,	was	extended	to	four	copper	bolts	from	









examination	 of	 bolts	 from	 a	 wider	 range	 of	 dates	 is	 an	 important	 step	 in	 increasing	 our	
understanding	of	the	introduction	and	evolution	of	copper	fastenings	in	Royal	Navy	warships.	
1. INTRODUCTION 












(Kockelmann	 et	 al.,	 2006).	 In	 each	 case,	 ‘volume	 texture	 analysis’	 means	 establishing	 the	
extent	and	nature	of	any	preferred	orientations	among	the	crystal	lattices	(Bunge,	1982)	of	
different	 volumes	 of	 a	 macroscopic	 sample.	 There	 has	 also	 been	 some	 work	 using	
crystallographic	 texture	 analysis	 to	 interpret	 the	 manufacturing	 techniques	 of	 small	
archaeological	metals	 artefacts	 such	 as	 prehistoric	 copper	 axes	 (Artioli	 &	 Dugnani,	 2004),	
ancient	coins	(Xie	et	al.,	2004)	and	bronze	age	axes	(Arletti	et	al.,	2008) and	to	compare	the	
effects	 of	 hardening,	 annealing,	 and	 re-crystallisation	 processes	 on	 small	 standardised	
specimens	with	the	textures	of	original	archaeological	bronze	objects	directed	to	the	same	
end	[(Siano	et	al.,	2004)(Kockelmann	et	al.,	2006a)].	
Crystallographic	 texture	 in	 a	 polycrystalline	material	may	 result	 from	 plastic	 deformation,	
mechanical	working	(such	as	hammering,	or	swaging)	or	be	due	to	thermal	treatments	during	
manufacturing.	 These	 working	 processes	 each	 cause	 distinct	 preferred	 grain	 orientation	
distributions	 or	 textures.	 Since	 the	 crystallographic	 texture	 depends	 strongly	 on	 the	
mechanical	 deformation	 and	 heat	 treatment	 processes	 involved	 during	 an	 object’s	
manufacture,	 texture	 analysis	 and	 characterization	 can	 provide	 information	 about	 the	
production	and	deformation	history	of	 the	sample.	 	Moreover,	 for	archaeological	 samples,	
analysis	 of	 the	 texture	 distributions	 across	 a	macroscopic	 sample,	 using	 spatially	 resolved	
neutron	 texture	 analyses,	 could	 offer	 a	 great	 advantage	 to	 understanding	 the	 sample’s	
manufacturing	route	without	involving	highly	intrusive	sampling.		
This	idea	was	recently	implemented	in	the	data	analysis	method	NyRTex	and	used	to	study	
the	 crystallographic	 texture	 at	 the	 centre	 of	 three	 copper	 bolts	 from	 two	 identified	 ship	
wrecks,	 HMS	 Pomone	 and	 HMS	 Impregnable	 (Malamud	 et	 al.,	 2016).	 The	 results	
demonstrated	the	value	of	this	technique	in	distinguishing	between	the	different	production	
processes	of	the	different	sizes	of	bolts	without	the	need	for	unacceptably	intrusive	sampling.	
This	was	 an	 important	 step	 in	 increasing	 our	 understanding	 of	 the	 introduction	 of	 copper	






1.1. History of the Navy’s use of copper bolts 1760 - 1830 






rudder	 turned,	 were	 badly	 damaged.	 The	 next	 two	 ships	 to	 be	 experimentally	 copper-
sheathed,	Dolphin	and	Tamar	were	sent	on	a	voyage	round	the	world	in	1764,	the	Dolphin	
additionally	 being	 fitted	 with	 copper	 braces	 and	 pintles	 while	 Tamar	 retained	 iron.	 After	
eighteen	months,	braces	and	pintles	on	the	Dolphin	were	well	preserved,	although	the	soft	

















Royal	Dockyards,	where	 it	was	believed	that	 tolerances	were	 tighter.	 It	 still	 seems	to	have	
been	thought	that	copper	bolts	did	not	have	the	strength	necessary	for	building	the	largest	
















copper	 bolts	 for	 Impregnable	 and	 these	 were	 shipped	 in	 November	 -	 December	 1783.	
Correspondence	from	Forbes’	brother,	who	was	manager	of	his	rolling	mill,	informs	us	as	to	




The	other	 two	patents	were	 awarded,	 late	 in	 1783,	 to	 John	Westwood,	 for	 an	 alternative	
method	of	 rolling	with	 grooved	 rolls,	 and	 to	William	Collins,	 for	 using	 the	 rolls	 to	pull	 the	
copper	 rod	 through	 a	 die.	 Both	Westwood	 and	 Collins	 were	 associated	 at	 this	 time	 with	
Thomas	Williams,	a	lawyer	from	Anglesey	who	was	gradually	building	a	monopoly	position	in	
the	British	 copper	market	 and	 controlled	 the	massive	 Parys	 and	Mona	mines	 in	Anglesey.	
Then,	in	1784,	the	Admiralty	ordered	all	new	construction	to	be	with	copper	bolts	and	all	other	
ships	 to	 have	 their	 iron	 bolts	 replaced	 -	 a	 heroic	 task	 which	would	 have	 been	 effectively	
impossible	without	the	use	of	water-powered	rolling	mills.	In	1785	Forbes	gave	up	his	rolling	
mill,	probably	because	 it	did	not	have	the	capacity	 to	compete	with	the	 industrial	scale	on	
which	Williams	was	operating.	When	Williams	died	 in	1802	his	 successor,	Pascoe	Grenfell,	
continued	 to	 supply	 the	Navy	until,	 in	1807,	 the	Metal	Mill	 at	Portsmouth	Dockyard	could	
supply	80%	or	more	of	the	Navy’s	requirements,	using	recycled	copper	from	ships	being	re-
coppered,	repaired,	or	broken	up.	The	Metal	Mill	became	so	efficient	that	the	Navy	did	not	


























of	 the	 results	 included	 consideration	 of	 the	 possible	 effects	 of	 cold	 deformation	 incurred	
during	the	driving	of	the	bolts,	the	working	of	the	ship’s	hull	in	service,	and	stresses	from	the	
break-up	of	the	wreck.	
1.2. Crystallographic conventions 
For	 the	 benefit	 of	 those	 less	 familiar	 with	 crystallographic	 conventions	 and	 texture	








Planes	 and	 directions	 are	 represented	 in	 two	 dimensions	 using	 a	 stereographic	 projection	
(Randle	 and	 Engler	 2000).	 Due	 to	 the	 high	 symmetry	 of	 fcc	materials,	 such	 as	 copper,	 all	
possible	 orientations	 in	 space	 can	 be	 represented	 within	 the	 area	 of	 the	 stereographic	
projection	bounded	by	[001],	[101]	and	[111].	(Those	unfamiliar	with	the	use	of	Miller	indices	















directions	 are	 closer	 to	 the	direction	of	 the	main	 applied	 stresses.	During	hammering	 and	
rolling	a	metal,	 the	constraints	on	the	metal’s	shape,	while	 it	 is	deforming,	are	different	 in	
each	case,	so	the	two	processes	produce	different	textures.	In	general,	<110>	tend	to	align	
along	 the	 direction	 of	 compression	 and	 <111>	 tend	 to	 align	 along	 the	 tensile	 direction.	
Annealing,	 which	 recrystallizes	 the	 structure,	 does	 not	 completely	 randomise	 the	 metal’s	











2. THE ANALYSED BOLTS 
The	present	spatially	resolved	texture	analysis	investigation	involves	copper	bolts	from	four	
identified	 wrecks,	 HMS	 Impregnable,	 HMS	 Amethyst,	 HMS	 Pomone,	 and	 HMS	Maeander.	











































the	 incident	 beam,	 each	 covering	 a	 30°x30°	 solid	 angle	 around	 the	 sample,	 and	 a	 two-
dimensional	 transmission	 bank.	 The	 volume	 of	 material	 contributing	 to	 each	 diffraction	
pattern,	 the	 gauge	 volume,	 corresponds	 to	 the	 intersection	 of	 the	 incident	 and	 diffracted	
beams,	usually	defined	by	slits	and	collimators,	 respectively	and	 is	 typically	of	the	order	of	
cubic	millimetres.	The	centroid	of	this	gauge	volume	defines	the	measurement	location.	Since	
the	 gauge	 volume	 is	 at	 a	 fixed	 position	 in	 the	 laboratory,	 the	 texture	 variation	 across	 the	
sample	 can	 be	 explored	 by	moving	 the	 sample	 using	 a	 goniometer	 or	 a	 translation	 stage.	
Typical	diffractograms,	for	different	locations	(A,	B,	C,	D	and	E	in	Figure	1-b)	across	the	HMS	
Pomone	 copper	 bolt	 cross	 section,	 are	 shown	 in	 Figure	 1-c.	 In	 standard	 strain	 scanning	








specimen directions are measured simultaneously by the instrument, the full coverage of the 
orientation space using a 5°x5° grid would require 648 orientations, a prohibitively large number 
when considering the necessary measurement time and very high demand for such 
instruments. With	the	aim	of	minimizing	the	number	of	orientation	required	to	define	a	pole	






arrays	 into	 several	 units	 of	 smaller	 angular	 coverage.	 Determination	 of	 the	 ODF	 of	 the	
crystallites	from	the	incomplete	pole	figures	is	accomplished	by	means	of	MTEX		(Hielscher	&	
Schaeben,	2008),	a	texture	analysis	library	based	on	an	algorithm	especially	suited	for	sharp	
textures	 and	 high	 resolution	 pole	 figures	 measured	 on	 scattered	 specimen	 directions.	 A	
complete	description	of	the	NyRTex	data	analysis	methodology	is	given	in	Ref	(Malamud	et	
al.,	2014)	so	only	a	brief	description	is	provided	here. 
3.1. Texture analysis methodology  
The	data	analysis	scheme	implemented	in	NyRTex,	involves	subdividing	the	large	solid	angle	
subtended	by	each	detector	bank	into	several	virtual	detectors	with	smaller	angular	coverage,	
by	 re-grouping	 the	 1200	 elements	 composing	 each	 ENGIN-X	 bank.	 This	 is	 done	 by	 time-
focussing	all	the	neutrons	arriving	at	all	the	detection	elements	of	each	new	virtual	detector	
into	a	single	diffractogram.	For	a	fixed	position	of	the	sample,	the	virtual	detector’s	location	
in	 the	 pole	 figure	 is	 determined	 by	 the	 transformation	 matrix	 between	 the	 laboratory	
reference	system	(green	XYZ	coordinate	system	in	Figure	1-a)	and	the	sample	reference	frame.	
This	matrix	 is	 defined	 by	 the	 coordinates	 of	 the	 sample’s	 principal	 directions	 in	 the	 fixed	
laboratory	reference	system.	To	explore	the	pole	figure,	the	sample	is	usually	rotated	by	an	
automated	mechanical	device	such	as	a	translation	stage	or	a	goniometer.	At	ENGIN-X	a	choice	
of	 different	 goniometers	 is	 available	 to	 achieve	 this,	 depending	 on	 size	 and	weight	 of	 the	
specimen	 being	 investigated.	 In	 each	 case,	 the	 principal	 coordinates	 are	 expressed	 as	 the	
direction	cosines	for	each	orientation	system	in	the	laboratory	reference	frame.	In	this	way,	




Construction	of	the	experimental	pole	figure	%&'( ), * 		(with	a	being	the	latitude	angle	and	
b	the	longitude)	requires	a	quantitative	determination	of	the	integrated	peak	area	recorded	
by	a	virtual	detector	along	a	certain	direction	of	the	specimen.	In	NyRTex	the	integrated	areas	








integrated	 intensity	of	a	diffraction	peak	measured	 in	a	 time	of	 flight	 (TOF)	diffractometer	
depends	on	the	scattering	power	(,&'()	and	linear	absorption	coefficient	(-&'()	of	the	sample,	
as	well	as	on	an	 instrumental	 factor	(Φ/0123 )	specific	to	each	virtual	detector	(j).	Hence,	the	
pole	 figure	 intensity	 (%&'()	 recorded	 by	 a	 virtual	 detector	 is	 obtained	 from	 the	measured	
integrated	peak	area	according	to		%&'( ), * = +&'((), *)/(,&'( exp −<-&'( 	Φ/0123 )	 (1)	
with	<	being	the	length	of	the	neutron	path	inside	the	specimen.		









Since	 a	 diffraction	 peak	 measured	 on	 a	 TOF	 diffraction	 bank	 contains	 contributions	 from	
neutrons	 with	 a	 range	 of	 wavelengths,	 from	 O>/0 = 2M&'( sin T>/0	to	 O>UV =2M&'( sin T>UV		 where	 T>/0and	 T>UV	 are	 the	 minimum	 and	 maximum	 Bragg	 angles	 of	
neutrons	 incident	 on	 the	 detector	 bank;	 the	 attenuation	 coefficient	 -&'(	for	 a	 particular	
reflection	 can	 be	 calculated	 by	 averaging	 the	 total	 cross	 section	 over	 the	 associated	
wavelength	range	(Wang	et	al.,	2001):	
-&'( = W	 X2Y2 O 	MOZ[\]Z[^_O>UV − O>/0 	 (2)
	
	













(RD	 1	 and	 RD	 2),	 arbitrarily	 defined.	 In	 the	 laboratory	 reference	 system,	 each	 sample	
orientation	is	defined	by	the	angles	 !, #, $ ,	where	!	allows	the	bolt	axis	to	tilt	anticlockwise	
from	the	vertical	axis	(rotation	around	the	Y	axis);	ω	allows	the	sample	to	rotate	clockwise	
around	the	Z	direction	and	$	represents	the	anticlockwise	rotation	axis	around	the	sample	
holder,	i.e,	the	bolt	axis	direction.	The	sample	and	laboratory	systems	coincide	for	! = 0°, ω =0°, $ = 0°,	as	is	shown	in	Figure	2-a	for	the	HMS	Impregnable	copper	bolt.	In	this	orientation,	
the	R1	direction	points	along	X,	the	R2	direction	along	Y	and	the	bolt	axis	direction	along	Z.		
The	 sample	 orientation	 in	 Figure	 1-a	 corresponds	 to	 an	 orientation	 characterized	 by	! =90°, ω = −45°, $ = 0°.	
Data	collection	for	this	experiment	required	measurement	points	to	be	accurately	positioned	
at	the	centre	of	the	instrument	gauge	volume	while	simultaneously	controlling	the	orientation	
of	 the	samples	around	the	 three	 independent	axes	 ( !, #, $ 	angles).	These	requirements,	
coupled	with	the	considerable	length	of	some	of	the	bolt	samples,	their	irregular	geometry,	






automated	 instrument	 control.	 	 The	 virtual	 sample	 models	 allow	 both	 the	 measurement	
points	and	the	required	orientations	to	be	specified	in	the	sample	coordinates,	and	knowledge	
of	the	disposition	of	the	sample	and	the	instrument	for	each	measurement	allows	the	various	
neutron	 path	 lengths,	 as	 required	 by	 Equation	 1,	 to	 be	 calculated	 automatically.	 The	
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experimental	 setup	 and	 corresponding	 SScanSS	 virtual	 model	 for	 the	 HMS	 Impregnable	
copper	bolt	at		! = 0°, ω = 0°, $ = 0°	are	shown	in	Figure	2-a	and	2-b.		
4. RESULTS AND INTERPRETATION 
4.1. HMS IMPREGNABLE 
The	 complete	 bolt	 studied	 here,	 IMP-006	 in	 the	 excavation	 archive,	 is	 956mm	 long	 and	
35.5mm	in	diameter,	probably	joined	major	timbers	in	the	fore	part	of	the	ship	and	is	almost	
certainly	original	to	her	construction.	The	diameter	is	the	same	as	that	of	a	batch	of	boltstaves	
(lengths	of	 copper	 rod	 from	which	bolts	were	 cut	 at	 the	dockyard)	which	was	 supplied	 to	
Deptford	in	November	1783	and	one	of	the	first	produced	in	Forbes’	rolling	mill.	The	bolt	is	
one	of	very	few	with	a	Forbes	works	stamp,	as	is	shown	in	the	inset	in	Figure	3-a.		
The	 complete	 bolt	 central	 point	 texture	 was	 studied	 using	 ENGIN-X	 and	 the	 full	 ODF	
reconstructed	 from	 the	experimental	 data	using	NyRTex	 (Malamud	et	 al.,	 2016).	 The	data	
were	 analysed	 in	 a	 2x5	 (horizontal	 x	 vertical)	 gridding	 scheme,	 which	 gives	 each	 virtual	
detector	a	coverage	of	~8°x8°	in	angular	space.	The	recalculated	pole	figures	display	a	weak	
texture,	 with	 maximum	 and	 minimum	 pole	 densities	 of	 about	 2.4	 mrd	 and	 0.2	 mrd,	





(Forbes,	W.,	1783,	Forbes,	D.,	1783).	The	 001 < 100 >	and	{122} < 212 >	components	
are	 typical	 cube	and	 twin	cube	components	 resulting	 from	recrystallisation	during	 thermal	
annealing	of	rolled	fcc	metals.	Their	presence	is	taken	as	evidence	of	thermal	treatment	after	
mechanical	 working,	 because	 oriented	 recrystallisation	 cannot	 take	 place	 unless	 the	
crystallites	have	previously	been	rotated	by	plastic	deformation	(Artioli,	2007).	On	the	other	
hand,	 the	 presence	 of	 the	{111} < 231 >	 and	 {111} < 112 >	 components	 demonstrates	
that	 the	 sample	 is	 not	 completely	 annealed,	 since	 it	 retains	 texture	 features	 related	 to	
mechanical	working	in	the	bolt	axis	direction.						
To	 explore	 texture	 variations	 across	 the	 bolts,	 neutron	 texture	 measurements	 were	
performed	in	the	complete	bolt	from	the	HMS	Impregnable,	defining	incomplete	experimental	
pole	 figures	 at	 different	 locations	 across	 its	 cross	 section	 (Figure	 3-b);	 at	 the	 bolt	 centre	
(position	A),	close	to	the	surface	(positions	B,	E,	G	and	F),	and	between	the	centre	and	the	
outer	 zone	 (positions	 C	 and	 D).	 	 Following	 the	 cylindrical	 symmetry	 of	 the	 samples,	 a	
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the	 other	 cases.	 For	 each	 bolt	 axis	 configuration,	 several	measurements	were	 performed,	
rotating	the	sample	around	the	vertical	instrument	axis	(varying	#)	and	around	the	bolt	axis	











the	 {111},	 {200},	 {220}	and	 {311}	experimental	pole	 figures	 for	each	point	were	generated	
using	 the	 integrated	 intensities	 and	 the	 respective	 correction	 factors	 only	 for	 the	 virtual	
detectors	 with	 exp −<-&'( > 0.01.	 In	 some	 positions	 across	 the	 bolt	 diameter	 this	
considerably	reduced	the	number	of	contributing	virtual	detectors	for	different	reflections,	as	
is	shown	in	Table	2.	Nevertheless,	with	this	number	of	virtual	detectors	it	is	still	possible	to	













{122},	{112}	and	{4	4	11}	type	components	parallel	to	the	bolt	axis	direction.	In	particular,	the	001 < 100 >	 component	 and	 the	 {122} < 212 >	 component	 resulting	 from	
recrystallisation	during	thermal	annealing	of	rolled	fcc	metals,	and	the	{111} < 231 >	and	
the	{111} < 112 >	components	are	related	to	mechanical	working	in	the	bolt	axis	direction.	
These	components	are	the	same	as	those	discussed	earlier.	However,	a	closer	analysis	show	





fraction	of	the	 001 < 100 >	component	decreases	almost	linearly	from	the	surface	to	the	
centre	of	the	sample	while	the	{111} < 231 >	and	{111} < 112 >	volume	fractions	show	
the	 opposite	 behaviour,	with	 higher	 volume	 fractions	 towards	 the	 centre	 of	 the	 bolt.	 The	

















ideal	“B	partial	fibre”	{ℎo<} < 110 >	(Kocks	et	al.	,	2000),	because	the	<110>	directions	are	
the	principal	directions	 in	the	uniaxial	deformation	mode	 in	 fcc	metals.	Those	components	
could	 be	 associated	 with	 torsional	 deformation,	 resulting	 from	 the	 documented	 cold	
hardening	 of	 the	 surface	 of	 the	 bolt,	 from	 the	 driving	 of	 the	 bolt	 into	 the	 hull	 and	 its	
subsequent	mechanical	history	in	a	continually	flexing	hull	or,	possibly,	from	stresses	during	
the	breakup	of	the	wreck	on	the	sea	bed.		
4.2. HMS AMETHYST 





Impregnable	 sample.	 TOF	 diffractograms	were	 collected	 at	 14	 specimen	 orientations	with	
counting	times	of	~12	minutes	per	orientation,	using	a	4	mmx	4	mm	x	4mm	gauge	volume.	
The	 {111},	 {200},	 {220}	 and	 {311}	 experimental	 pole	 figures	 were	 generated	 from	 the	
integrated	 intensities	 and	 the	 respective	 correction	 factors	 for	 those	 virtual	 detectors	
with	exp −<-&'( > 0.01.	 The	 pole	 figure	 coverage	 obtained	 by	 this	 strategy	 is	 shown	 in	
Figure	 6-b	 for	 the	 {111}	 experimental	 pole	 figure.	 Again,	 the	 ODF	 of	 the	 material	 was	
calculated	with	MTEX	from	the	experimental	pole	figures,	assuming	triclinic	sample	symmetry.	
The	recalculated	pole	figures	of	Figure	6-c	show	a	marked	double	fibre	texture.	A	clearer	view	




To	 define	 the	 full	 ODF	 for	 selected	 locations,	 neutron	 texture	 measurements	 were	 also	

























4.3. HMS POMONE 
Two	samples	from	the	HMS	Pomone	were	studied,	a	complete	bolt	and	a	‘bolt	segment’,	which	
was	cut	from	a	fragment	(originally	33.5mm	in	diameter)	of	a	bolt	from	HMS	Pomone	which	
had	previously	been	used	 for	machining	 tensile	 test	 specimens.	The	complete	bolt	 studied	
here	(Figure	10-a),	finds	number	AB1-02-01	in	the	excavation	archive,	is	a	blind	bolt	330mm	
long	and	22.5mm	in	diameter	and	was	possibly	used	for	fastening	planking	to	a	frame.	
 Bolt segment sample 
The	crystallographic	texture	at	the	centre	of	the	copper	bolt	segment	sample	was	determined	
using	 neutron	 diffraction	 and	 NyRTex	 data	 analysis,	 and	 the	 results	 were	 validated	 by	
complementary	 experiments	 using	 EBSD	 measurements	 and	 laboratory	 X-ray	 diffraction	
(Malamud	et	al.,	2016).		In	all	cases,	the	recalculated	pole	figures	for	the	segment	showed	a	
marked	double	fibre	texture,	a	strong	g-fibre	with	{111}	planes	parallel	to	the	bolt	axis	and	a	
minor	 <100>	 fibre	 component.	 This	 major	 component	 is	 one	 of	 the	 most	 common	 fibre	
textures,	having	the	{111}	slip	plane	perpendicular	to	the	direction	of	application	of	the	force,	
while	the	presence	of	a	<100>	fibre	texture	reveals	nearly	complete	thermal	crystallization	
after	working	 (Park	&	 Lee,	 2003).	 EBSD	orientation	 images	 taken	 in	 the	 centre	 of	 a	 cross-




As	 can	be	 seen	 in	 the	 Figure	1-c,	 the	diffractograms	along	 the	BA	direction	 from	different	
locations	across	 the	bolt	 segment’s	 cross-section	 suggested	 there	 to	be	a	 texture	gradient	
across	the	bolt	diameter.	To	 investigate	such	variations,	a	series	of	neutron	measurements	






















{311}	 experimental	 pole	 figures	 were	 generated	 from	 the	 integrated	 intensities	 and	 the	
respective	correction	factors	for	those	virtual	detectors	with	exp −<-&'( > 0.01.	
The	recalculated	 IPFs	along	the	BA	for	each	position	across	 the	bolt	segment	diameter	are	
shown	in	Figure	9-a,	using	the	same	colour	scale,	together	with	the	reference	standard	cubic	









Figure	 9-b	 shows	 the	 volume	 fraction	 of	 each	 fibre	 components	 at	 locations	 across	 the	





 AB1-02-01 sample 




main	texture	components	are	a	 111 < 121 >	component,	with	a	volume	fraction	of	14%	of	
the	crystallites,	and	a	 001 < 100 >	cube	component,	with	a	15.5%	volume	fraction	(volume	
fractions	 computed	 by	MTEX	 using	 a	 20°	 radius	 sphere	 centred	 at	 each	 orientation).	 The	
presence	of	 the	 111 < 121 >	 texture	component	 indicates	a	good	alignment	of	 the	111	
planes	 parallel	 to	 the	 BA,	 which	 is	 a	 feature	 commonly	 associated	 with	 extensional	
deformation	along	the	symmetry	axes	of	fcc	metallic	wires	(Artioli,	2007).	On	the	other	hand,	
the	 development	 of	 the	 high	 symmetry	 001 < 100 >	 cube	 component	 is	 a	 direct	




The	explored	positions	are	 schematically	 shown	 in	 the	 inset	of	 Figure	10-c,	 i.e.	 at	 the	bolt	




These	 neutron	 experiments	 were	 performed	 using	 similar	 experimental	 configurations	 to	




The	bolt	axis	was	placed	vertically	(! = 0º),	horizontally	(! = 90º)	and	tilted	to	30º	and	45°	
from	the	vertical,	and	several	measurements	were	performed	rotating	the	sample	around	the	
vertical	 instrument	 axis	 (varying	#)	 and	 around	 the	 bolt	 axis	 direction	 (varying	$).	 The	
experiments	were	 performed	 using	 a	 10	mm	 x	 4mm	 x	 4mm	gauge	 volume	 in	 the	 vertical	
configuration,	a	4	mm	x	4mm	x	4mm	gauge	in	the	horizontal	configuration	and	a	6	mm	x	4mm	
x	4mm	gauge	volume	in	the	tilted	cases.	For	each	point	in	the	HMS	Pomone	specimen	cross-
section,	 the	TOF	diffractograms	were	 recorded	at	13	 specimen	orientations,	with	counting	
times	of	~12	minutes	per	orientation.		
Similarly	to	in	the	segment	experiment,	the	data	were	analysed	in	a	2x5	(horizontal	x	vertical)	
gridding	 scheme,	 which	 produces	 a	 total	 of	 260	 virtual	 detectors	 for	 the	 13	 orientations	
measured	for	each	position.		The	{111},	{200},	{220}	and	{311}	experimental	pole	figures	were	
generated	 from	 the	 integrated	 intensities	 and	 the	 respective	 correction	 factors	 for	 those	







with	 intense	 {111}	 and	 {100}	 type	 components	 and	 smaller	 {011}	 and	 ~	{113}	 type	
components	 parallel	 to	 the	 bolt	 axis	 direction.	 In	 particular,	 a	 001 < 100 >	 cube	
component	 due	 to	 recrystallisation	 and	 111 < 121 >	 and	 {111} < 011 >	 components	




decreases	 from	 the	 central	 point	 to	 the	 surface,	 while	 the	 recrystallisation	 component	




described	approximately	as	 011 < 322 >,	and	a	rotated	Taylor	component	approximating	




of	the	fcc	lattice	 111 < 110 >.	
4.4. HMS MAEANDER 











The	 {111},	 {200},	 {220}	 and	 {311}	 experimental	 pole	 figures	 were	 generated	 from	 the	
integrated	 intensities	 and	 the	 respective	 correction	 factors	 for	 those	 virtual	 detectors	









main	texture	components	present	 in	 the	ODF	section	plots	are	 listed	 in	Table	3,	with	their	
corresponding	 Euler	 angles	 (using	 the	 Bunge	 convention	 (Kocks	 et	 al.,	 2000))	 and	 volume	
fractions	(computed	by	MTEX	using	a	15°	radius	sphere	centred	at	each	orientation).		For	point	
A,	the	 111 < 123 >,	 	 111 < 011 >	and		 223 < 032	 >	components	can	be	related	
to	mechanical	working	 in	the	bolt	axis	direction,	and	the	~ 001 < 310 >	component	 is	a	
rotated	cube	component,	as	results	from	recrystallisation	during	thermal	annealing	of	rolled	
fcc	metals.		As	is	shown	in	Figure	12-d,	the	IPF	in	the	BA	direction	shows	a	strong	alignment	of	
the	 111	 poles	 along	 this	 specific	 direction,	 with	 the	 100	 poles	 orientated	 along	 the	
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perpendicular	 directions	 R1	 and	 R2.	 On	 the	 other	 hand,	 for	 point	 B	 the	 principal	 texture	
components	are			 001 < 150 >,		 112 < 111 >	and		 110 < 111 >,	as	is	shown	in	the	
ODF	section	(Figure	13-b).	In	this	case,	as	is	shown	in	the	IPFs,	there	is	a	strong	alignment	of	
the	 <111>	 in	 the	 R1	 and	 R2	 direction.	 This	 behaviour	 could	 be	 associated	 with	 a	 strong	
mechanical	working	perpendicular	to	the	bolt	axis	direction,	probably	relating	to	a	hammering	
process	after	the	heat	treatment.	
5. DISCUSSION   
In	 this	work	we	have	employed	a	new	texture	analysis	methodology	using	ENGIN-X,	a	TOF	









can	probably	be	dated	 to	her	 conversion	 to	 copper	bolts	which	 started	 late	 in	1783	when	
William	Forbes	received	his	order	for	them.	The	bolt	had	a	relatively	weak	texture	indicating	






cold	hardening	the	exterior	shell	of	 the	bolt	using	a	 tilt	hammer	and	swage	on	the	 ‘larger’	
bolts.	 The	 mill	 produced	 bolts	 up	 to	 54mm	 in	 diameter	 and	 there	 is	 no	 clue	 from	
documentation	what	size	range	of	bolts	received	further	cold	hardening.	The	texture	of	this	
35.5mm	 diameter	 bolt	 is	 completely	 consistent	 with	 the	 patented	 process	 and	 shows	 no	
evidence	of	cold	working	of	the	surface	so	we	can	infer	that	bolts	of	this	size	or	smaller	were	
produced	using	the	patented	process	without	further	treatment.	
There	 was	 less	 variation	 across	 the	 cross-section	 of	 the	 long	 bolt	 from	 HMS	 Amethyst	
(completed	1799)	 stamped	 ‘Westwood	Collins’.	 Although	 the	 texture	was	 slightly	 stronger	
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the	 centre	 and	 close	 to	 the	 surface.	 Although	 the	 central	 texture	 again	 showed	 both	
components	 related	 to	 mechanical	 working	 along	 the	 BA	 and	 others	 related	 to	
















The	virtual	 cross-sections	of	 the	bolts	provided	by	 spatially	 resolved	 texture	analysis	using	
neutron	diffraction	provides	data	about	the	manufacture,	properties,	and	use	of	copper	bolts	
used	 by	 the	 Royal	 Navy	 from	 the	 end	 of	 the	 American	 War	 to	 beyond	 the	 end	 of	 the	











cross-sections,	 at	 least	 one	 of	 which	 is	 from	 a	 Collins’	 bolt,	 will	 be	 used	 to	 compare	 and	





condition	 of	 bolts.	 The	 bolt	 from	Amethyst	 that	was	made	 by	 the	 Collins	 process	 showed	





surface	 appearance,	 even	 when,	 as	 is	 usually	 the	 case,	 they	 are	 lacking	 the	 supposedly	
mandatory	maker’s	stamps.		
CONCLUSIONS	
Using	 the	 new	 texture	 analysis	methodology	 NyRTex	 and	 the	 TOF	 neutron	 strain	 scanner	
ENGIN-X,	 the	 texture	 and	 texture	 gradients	 in	 four	 copper	 bolts	 from	 Royal	 Navy	 ships	
completed	 between	 1786	 and	 1840	 have	 been	 determined	 non-destructively.	 Previous	
measurements	(Malamud	et	al.,	2016)	had	identified	three	distinctly	different	types	of	texture	
in	British	naval	bolts	from	a	similar	period,	two	of	which	can	definitely	be	identified	with	the	





Forbes’	patented	process.	The	variation	 in	 texture	across	 the	cross-section	 reflects		
increased	recrystallization	approaching	the	surface	and	shows	no	evidence	of	any	cold	
working	 of	 the	 surface,	 described	 in	 Forbes’	 mill	 records	 as	 having	 been	 used	 on	
‘larger’	 bolts,	 indicating	 that	 bolts	 of	 this	 size	 or	 smaller	were	 produced	 using	 the	
patented	process	without	further	treatment.	
2) The	 double	 fibre	 texture	 throughout	 the	 41mm	 diameter	 long	 bolt	 from	 HMS	
Amethyst	 stamped	 ‘Westwood	 Collins’	 (again	 manufactured	 in	 the	 early	 years	 of	
copper	 bolts’	 general	 application)	 identifies	 the	 bolt	 as	 having	 been	made	 by	 the	
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Ship	 Completed	 Lost	 Bolt	Length	
(mm)	
Bolt	Dia.	(mm)	
HMS	Impregnable	 1786	 1799	 956.0	 35.5	
HMS	Amethyst	 1799	 1811	 631.0	 41.0	
HMS	Pomone	
(segment)	
1805	 1811	 	 33.5	
HMS	Pomone		
(AB102-01)	
1805	 1811	 330.0	 22.5	








Virtual	detectors	with	exp −<-&'( > 0.01	
	 R1	 R2	 111 	 200 	 220 	 311 	
A	 0	 0	 16	 272	 269	 260	 279	
B	 -14.5	 0	 10	 168	 167	 165	 169	
C	 -8	 0	 10	 167	 174	 166	 174	
D	 5	 0	 10	 173	 175	 170	 178	
E	 14.5	 0	 10	 178	 174	 173	 178	
F	 0	 -14.5	 10	 171	 171	 167	 171	











component	 $p	(º)	 Φ	(º)	 $K	(º)	
A	
111 < 123 >	 80	 55	 45	 5.03	111 < 011 >	 60	 55	 45	 4.18	223 < 032 >	 54	 55	 45	 3.21	001 < 310 >	 71.6	 0	 0	 4.06	
B	




















































	001 < 100 >122 < 212 >111 < 231 >111 < 112 >	
	
As	centre	but	more	001 < 100 >	(+		112 < 111 >	and	4	4	11 < 11	11	8 >)	






































































































































































	111 < 123 >111 < 011 >	 223 < 032	 >	001 < 310 > 	



























Figure 1 (a) Schematic diagram of the ENGIN-X time-of-flight neutron strain scanner, with 
a bolt at the sample position. (b) Explored locations on the HMS Pomone bolt cross section 
(grid spacing 1mm) (c) Diffactograms collected in the bolt axis direction from different 
locations across the bolt diameter.  
	
Figure 2 a) Experimental setup for the HMS Impregnable copper bolt using the Cybaman 
goniometer for ! = 0°, ω = 0°, ' = 0° b) Screen capture of the corresponding SScanSS 
simulation, including calibrated sample positioning system, laser scanned sample model and 




Figure 3 a) HMS Impregnable bolt with a Forbes works stamp b) Explored positions across 
the bolt cross section (grid spacing 1mm). c) Stereogram showing the expected pole figure 
coverage achieved by the chosen texture strategy for point A d) Expected pole figure coverage 
for other positions across the bolt cross section. 
	
Figure 4 Inverse pole figures from each measurement volume in the Forbes bolt (grid spacing 




Figure 5 HMS Impregnable bolt: a) Principal texture component volume fractions as a 
function of the distance from the bolt centre.  b) Volume fractions for points close to the bolt 
surface. 
	
Figure 6 (a) Photo of the HMS Amethyst sample in ENGIN-X. (b) Experimental pole figure 
showing the angular coverage achieved by the measurement. (c) Recalculated pole figures from 
the ODF, calculated with MTEX from experimental pole figures such as (b). (d) Cuts of the 




Figure 7 a) Inverse pole figures from each measurement volume in the HMS Amethyst bolt 
(grid spacing 1mm). All use the same colour scale in mrd. b) <111> and <100> fibre component 




Figure 8 (a) Positions of the explored locations in the schematic cross section of the segment 
sample of Pomone bolt (grid spacing 1mm) (b) )*** 0,0  and )(++ 0,0  pole figure intensities. 
	
Figure 9 a) The recalculated inverse pole figures along the bolt axis direction (BA) for each 
point across the Pomone bolt segment diameter (grid spacing 1mm). b) <111> and <100> fibre 




Figure 10 a) Photo of the Pomone bolt AB1-02-01 in ENGIN-X b) Position A {111} 
experimental pole figure. c) Inverse pole figures from each measurement volume in the Pomone 
bolt (grid spacing 1mm). All use the same colour scale in multiples of a random distribution 
	
Figure 11 (a) Principal component volume fractions as a function of the distance from 






Figure 12 Maeander bolt: Point A: a) Experimental {111} pole figure b)  '(=45° ODF 











Figure 13 Maeander bolt Point B: a) Experimental {111} pole figure b)  '(=45° ODF 
section c) Recalculated pole figures and d) Inverse pole figures.  
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